Abstract Cupredoxins perform copper-mediated longrange electron transfer (ET) in biological systems. Their copper-binding sites have evolved to force copper ions into ET-competent systems with decreased reorganization energy, increased reduction potential, and a distinct electronic structure compared with those of non-ET-competent copper complexes. The entatic or rack-induced state hypothesis explains these special properties in terms of the strain that the protein matrix exerts on the metal ions. This idea is supported by X-ray structures of apocupredoxins displaying ''closed'' arrangements of the copper ligands like those observed in the holoproteins; however, it implies completely buried copper-binding atoms, conflicting with the notion that they must be exposed for copper loading. On the other hand, a recent work based on NMR showed that the copper-binding regions of apocupredoxins are flexible in solution. We have explored five cupredoxins in their ''closed'' apo forms through molecular dynamics simulations. We observed that prearranged ligand conformations are not stable as the X-ray data suggest, although they do form part of the dynamic landscape of the apoproteins. This translates into variable flexibility of the copper-binding regions within a rigid fold, accompanied by fluctuations of the hydrogen bonds around the copper ligands. Major conformations with solvent-exposed copper-binding atoms could allow initial binding of the copper ions. An eventual subsequent incursion to the closed state would result in binding of the remaining ligands, trapping the closed conformation thanks to the additional binding energy and the fastening of noncovalent interactions that make up the rack.
Introduction
Cupredoxins are proteins with mononuclear or binuclear copper centers that perform highly efficient electron transfer through different components of the respiratory and photosynthetic chains, among others [1] [2] [3] [4] . Efficient electron transfer requires low reorganization energies of the donor and acceptor sites so as to minimize energy losses [5, 6] ; thus, the large reorganization energies associated with Cu(I)/Cu(II) couples in small complexes and protein sites not designed for electron transfer (reaching 2-2.5 eV) make them inherently poor electron transfer units. Evolution, however, has endowed cupredoxins with copper sites that display reorganization energies as low as 0.4-0.8 eV [7] [8] [9] . In these proteins, the copper site is believed to be in an energized and rigid situation, the so-called entatic or rack-induced state, that minimizes the reorganization energy of the electron transfer event and tunes the electronic properties and reduction potential of the center. The impact on these factors ultimately maximizes electron transfer rates [10] .
Cupredoxins consist of a b-barrel fold with conserved histidine and cysteine residues that bind one or two copper ions together with other axial, more variable ligands ( Fig. 1 ). In mononuclear, ''type 1'' cupredoxins the single copper ion is coordinated by a cysteine thiolate and the Nd1 imidazole atoms of two histidine residues defining the core of the site, plus no, one, or two weak axial ligands that fine-tune the properties of these centers (Fig. 1b) . Binuclear electron-transfer copper centers, termed ''CuA sites,'' are also embedded in a cupredoxin fold but consist of two cysteine residues that bridge the two copper ions, whose first shells are completed with one imidazole Nd1 atom and a weak axial ligand (Fig. 1c) [11] . The position and spacing of the copper-binding residues in the primary sequence of cupredoxins are much conserved, with one N-terminal histidine buried inside the protein and a more exposed C-terminal histidine located in a loop together with the cysteine(s) and axial ligands (Table 1) [11] [12] [13] [14] [15] [16] [17] . Outer-shell ligands are also important in defining the properties of the copper sites in cupredoxins, by assisting in the positioning of first-shell ligands and building up a rack of noncovalent interactions, most notably hydrogen bonds, around the copper site [18] [19] [20] [21] . Owing to the structure of the protein matrix around the copper ions, the latter remain completely hidden from the solvent, just beneath the protein surface, protected from unwanted side reactions and binding of ligands. In this closed conformation, the protein matrix is believed to establish an entatic state by imposing a stiff preorganized arrangement of the copper ligands through the rack of covalent and noncovalent interactions [2, 18, 19, 22] . Early evidence to support this idea arose from X-ray structures of four copper-depleted (''apo'') cupredoxins, namely, apoplastocyanin, apoazurin, apopseudoazurin, and apoamicyanin, which revealed conformations of the copper ligands nearly identical to those observed in the copper-loaded (''holo'') proteins (root mean square deviation for ligands of less than 1 Å ; see the example in Fig. 2a ) [23] [24] [25] [26] [27] . However, the existence of such occluded, preformed ligand arrangements in the apoproteins is hardly compatible with the requirement of exposed copper-binding atoms to facilitate copper uptake from solution, let alone from specific chaperones as Abriata et al. [28] have shown it occurs. Indeed, in contrast with the idea of preformed ligand arrangements, recent NMR experiments on two apocupredoxins showed that the protein residues around the copper-binding regions are actually very flexible in solution at room temperature [29] .
To explore the flexibility of the copper-binding regions of apocupredoxins, and specifically to assess the stability of the preformed, ''closed'' ligand conformations observed in the X-ray structures, we performed submicrosecond molecular dynamics (MD) simulations on five protein systems. These correspond to the four mononuclear cupredoxins mentioned above, whose structures have been solved in their apo forms through X-ray crystallography, and a model of the apo form of the CuA-binding domain of subunit II of cytochrome c oxidase with its ligands arranged as in the holoprotein (Table 1) . In all cases we found Fig. 1 that closed, prearranged conformations of the copper ligands are unstable. The copper-binding atoms all become quickly exposed during the simulations, most greatly the C-terminal histidine of the five systems and the C-terminal cysteine of the CuA-binding protein. Although the protein folds remain rigid, the copper-binding atoms exchange between exposed and closed conformations many times during the simulations. This exchange impacts on loop flexibility to a different extent in each protein, and is accompanied by continuous reshuffling of the hydrogen bonds around the copper ligands. On the basis of these observations, we propose how these metal sites might be assembled and locked into an entatic conformation.
Methods

Starting structures for MD simulations
The Protein Data Bank (PDB) structures used to set up the starting configurations are listed in Table 1 . As described in ''Results,'' four of these PDB entries correspond to the apo forms of four mononuclear cupredoxins in closed conformations very similar to those observed in the holoproteins (azurin, pseudoazurin, plastocyanin, and amicyanin). On the other hand, the model of the apo form of a binuclear CuA protein in a closed conformation was built from the structure of the CuA-containing domain of the cytochrome c oxidase ba 3 from Thermus thermophilus.
The two copper ions of its A chain were removed and the resulting thiolates were neutralized by protonation of the whole system using AmberTools . In all structures, histidine residues were protonated at their Ne2 atoms, but not at their Nd1 atoms. This results in neutral residues consistently with a working pH of 7-8. Most importantly though, this pattern is consistent with NMR data for apoazurin, apoplastocyanin, and apoCuA [29] [30] [31] [32] and with the hydrogen-bonding patterns deduced from the X-ray structures of these proteins [23] [24] [25] [26] [27] 33] . The reported NMR experiments were performed in buffers containing 20-100 mM phosphate buffer and 1-2 mM dithiothreitol, whereas the X-ray models available in the PDB arise from samples containing different kinds of cosolutes as required for crystallization of each protein.
Because of this variety of conditions, the simulated systems were all set up in plain TIP3P water (plus Na ? or Cl -counterions to neutralize charges).
MD simulations
Simulations were run with the NAMD [34] code using the amber99SB force field [35] for the protein and TIP3P [36] parameters for water, at 300 K and 1 atm kept with a Langevin piston. The cutoff for nonbonded interactions was 12 Å , with a switching function active between 10 and 12 Å . A cutoff of 13.5 Å was used to determine the number of pairwise interactions included in the calculations of nonbonded interactions. Electrostatics were treated through particle-mesh Ewald summations with a grid spacing of 1 Å . These are all conservative parameters as shown in a recent study by Piana et al. [37] . Each simulation box was minimized and then equilibrated by unrestrained heating in ten 30-K steps up to 300 K for a total of 1 ns, before launching the production simulations. All simulations were initially 300 ns long; the one for apoCuA was then extended to 700 ns.
Analysis of MD simulations
Trajectories were analyzed with functions and modules of the program VMD [38] together with custom MATLAB and VMD-TCL scripts. Hydrogen bonds were computed with VMD's HBond plugin. Root mean square fluctuations (RMSFs) were analyzed after alignment of the trajectories leaving out the N-and C-terminal tails so as to avoid artifacts introduced by their flexibility [39] . Equilibration periods were included in the analyses so as to see their effect on the copper-binding regions.
Results
We performed MD simulations on five systems that correspond to apocupredoxins in ''closed'' conformations of their copper ligands, i.e., very similar to those observed in the holoproteins (Table 1) . Four of these systems correspond to actual X-ray structures of apocupredoxins, namely, apoazurin, apopseudoazurin, apoplastocyanin, and apoamicyanin [23, [25] [26] [27] . The fifth system corresponds to a model of the apo form of the CuA-binding domain of subunit II of cytochrome c oxidase with its ligands arranged as in the holoprotein, built by removing the copper ions from the structure of the holoprotein [33] so as to mimic a preformed chelating site analogous to that observed in the X-ray structures of the apo forms of mononuclear cupredoxins. All simulations were run in explicit TIP3P water at 300 K assuming neutral e-protonated states for the histidine residues and neutral protonated states for the cysteines, which is consistent with a working pH of 7-8 and with the hydrogen bond patterns expected from NMR data and X-ray structures [23] [24] [25] [26] [27] [29] [30] [31] [32] . Further details of the simulation setup are given in ''Methods.''
Simulations on the apo forms of mononuclear cupredoxins
We first describe the 300-ns-long simulations performed on the apo forms of the four mononuclear cupredoxins. As initial reaction coordinates, we monitored the extent of ligand exposure to the solvent during minimization, equilibration, and production phases in terms of the solvent-accessible surface area (SASA) of the histidine Nd1 and cysteine Sc atoms of the copper centers (SASA ligands ).
These atoms were chosen as they are completely buried in the holoproteins but, being the main copper ligands, are expected to be at least partially exposed in conformations competent for copper capture. The possible values for SASA ligands range from 0 Å 2 (as in the starting structures, where they are all completely buried) to 97.1 and 163.06 Å 2 for mononuclear and CuA cupredoxins, respectively (computed from the SASA of histidine Nd1 and cysteine Sc atoms in the free amino acids; see caption for Fig. 3 ).
Figure 3 (left) shows the evolution of SASA ligands during the first 100 ns of the simulation for the four proteins, including the initial phase of equilibration raising the temperature from 0 to 300 K in ten steps. A logarithmic timescale was used to better show the initial evolution of SASA ligands . The final 200 ns of the simulations are shown in Fig. 3 (right) on a linear timescale. For apoazurin, apopseudoazurin, and apoamicyanin, the initial SASA ligands is 0 Å 2 indicating that these three atoms are fully occluded in the starting structures, as in the holoproteins. However, during the equilibration period, SASA ligands starts to increase, indicating a large tendency of these sites to drift from the closed conformation, invariably leading to increased exposure of the copper ligands to the solvent. In the cases of apoamicyanin and apopseudoazurin, in only 2 ns SASA ligands is already fluctuating at around 5-10 Å 2 , whereas for apoazurin this took 20-30 ns. These behaviors show that the ligands in the three proteins are in strained conformations that can be relaxed rapidly by exposing the copper ligands. In all cases, a large proportion of this rapid initial increase in SASA ligands is due to a rapid approximately 180°rotation of the imidazole group of the C-terminal histidine to expose its Nd1 atom (Fig. 2b) .
The case of apoplastocyanin is different, starting already with SASA ligands of approximately 7.5 Å 2 in the initial simulation setup. This is because the C-terminal histidine is already oriented with its Nd1 atom exposed to the solvent in the corresponding X-ray structure. As described by the authors reporting that structure, the whole imidazole ring of the C-terminal histidine in the apoprotein seems to overlay perfectly with the same ring in the holoprotein, but the former is actually flipped, exposing its Nd1 atom, which forms a hydrogen bond with a crystallographic water molecule [25] . If the imidazole ring of this histidine is flipped in the starting PDB structure so as to leave the Nd1 atom in its position for copper binding, and the simulation is restarted, the imidazole ring quickly turns 180°, exposing again its Nd1 atom (Fig. 3, left) as observed in the X-ray structure of the apoprotein and in its simulation.
The tendency and ability of the C-terminal histidine to flip exposing its copper-binding Nd1 atom in the apoproteins suggest some degree of flexibility in this region of the proteins. In this regard, recent NMR work reported extensive dynamics of the copper ligands in the apo forms of azurin and the CuA fragment from cytochrome c oxidase, which could presumably extend to all cupredoxins [29] . Following these ideas, we then analyzed the sections of the MD simulations following the initial stage in which the C-terminal histidine is exposed. Figure 3 , where not only the C-terminal histidine but also other copper ligands are exposed to the solvent. RMSF plots for Ca atoms (Fig. 4) show that the greater exposure of the copper ligands in apoazurin and apoamicyanin is paralleled by higher flexibility of the loops containing and surrounding the ligands, compared with the corresponding loops in apoplastocyanin or apopseudoazurin. In the four systems, the global folds remain largely unperturbed as shown by the low RMSF values outside loop regions.
Simulations on the apo form of the CuA fragment from T. thermophilus ba 3 oxidase
In the second part of this work we studied CuA sites, the other type of copper centers capable of performing efficient electron transfer, also embedded in a cupredoxin fold. With two copper ions at their core, CuA sites are optimized to perform directional electron transfer into cytochrome c oxidases and nitrous oxide reductases [9, 40] . A recent NMR work focusing on the apo form of the CuA-binding domain of the cytochrome c oxidase ba 3 from T. thermophilus showed that its copper-binding regions are flexible on multiple timescales in solution, resulting in an NMR-derived structure with very heterogeneous arrangements of the ligand loop, attributed to backbone dynamics [28] . MD simulations starting from this structure (PDB ID 2LLN) revealed large fluctuations of the loops that surround the copper site, but no new insights into the relationship between these flexible features and the existence, or lack, of preformed closed conformations of the copper ligands (data not shown). Certainly, this simulation might be tainted by inaccurate starting conformations of the loops that surround the copper site, owing to the very low number of NMR constraints available to properly define these flexible regions [29] .
A different perspective arises from a starting structure of the apoprotein obtained by removing the two copper ions from the structure of the holoprotein (PDB ID 2CUA) to generate a model analogous to those used in the study of mononuclear cupredoxins (Fig. 2c) . Figure 3 (bottom left) shows SASA ligands for the two histidine Nd1 and the two cysteine Sc atoms involved in copper binding in CuA centers. In the starting structures these four atoms are fully occluded, resulting in SASA ligands of 0 Å 2 . However, during equilibration and the first few nanoseconds of the simulation, SASA ligands increases, revealing exposure of the copper-binding atoms as observed for the mononuclear proteins (Fig. 2c, red) . This process also involves flipping of the C-terminal histidine, but more gradually than in the mononuclear proteins, being accompanied by exposure of the other ligands and slow unwinding of the ligand loop. This behavior is consistent with the idea that a stable closed conformation of the ligand loop is unlikely for apoCuA, as found for the mononuclear proteins and in agreement with the flexibility observed by NMR experiments.
As the simulation proceeds, the copper-binding atoms tend to expose more, and within a few tens of nanoseconds they have explored conformations with SASA ligands of approximately 10-20 Å 2 , reaching peaks of over 40 Å 2 before 100 ns. We extended this simulation for a total of 700 ns, trying to capture more of these large fluctuations in SASA ligands . We found that the protein explores stable conformations with SASA ligands of 40-70 Å 2 many times on submicrosecond timescales (Fig. 3, bottom right) . Compared with the fluctuations observed for SASA ligands in apoazurin and apoamicyanin, those for apoCuA are much more sudden, suggesting that the change in SASA ligands is linked to the exploration of two distinct conformational basins in apoCuA against simply a nearly flat surface in the mononuclear proteins. The RMSF plot for Ca atoms in apoCuA reveals high flexibility of the loop that contains the two cysteines and the C-terminal histidine (reaching an RMSF twice as large as that of the corresponding loop in apoamicyanin and apoazurin; Fig. 4 ) and indicates some flexibility of the two other loops that surround the CuA site, as detected by NMR, although from the experimental data, somewhat higher RMSF values could be expected.
The large RMSF peak observed in Fig. 4 for the loop containing the two cysteines and the C-terminal histidine is associated with large fluctuations of the distances between the two Nd1 atoms and the two cysteine Sc atoms of the site. These two distances can be regarded as reaction coordinates important to define the copper site; thus, they were explored in more detail. The probability distributions for pairs of histidine Cc and cysteine Sc distances are plotted as a color-coded density map in Fig. 5 (the Cc atoms of the histidines were taken instead of the Nd1 atom so as to remove the effects of fast flipping in the exposed one). Two main populations were found, one with a minimum close to the Sc-Sc and Cc-Cc values observed in the structure of the holoprotein (4 Å , 9.5 Å in the simulations against 4 Å , 8.5 Å from the structure as indicated by an asterisk in Fig. 5 ) and another that corresponds to arrangements with more separated Sc atoms and higher SASA ligands (7.3 Å , 10 Å ). A third, smaller population seems to be located at an Sc-Sc distance of 9-10 Å , but it is poorly defined in our simulation.
Discussion
Many computational studies have addressed the dynamic, structural, and electronic properties of copper-loaded cupredoxins through simulations [2, 4, 20, 21, [41] [42] [43] [44] ; however, equivalent studies on the dynamics of cupredoxins in their apo forms have been lacking. This is not a marginal omission, given that metal uptake by cupredoxins most likely occurs after synthesis of the polypeptide and folding in the adequate cellular compartment. Therefore, the structure of the apo forms is tightly related to the process of copper uptake and metal site assembly. In the five proteins here studied, we observe flexibility in at least one of the loops around the copper-binding site, resulting in an exchange of conformations with a different degree of solvent exposure of the copper-binding atoms. A recurrent feature in all our MD simulations is a preference for the C-terminal histidine's side chain to expose its Nd1 atom, which is a copper-binding atom in the five systems. It is worth noting that the extent of flexibility predicted by the simulations is lower than that suggested by NMR spectroscopy, at least for apoazurin and apoCuA, for which NMR data are available. Although a large part of this difference is surely an unavoidable effect of limited sampling in the simulations, it is also very likely that the NMR data have overestimated the dynamics because the relevant observables (mainly a complex combination of 15 N chemical shift differences and relaxation rates) for residues close to truly flexible regions will be affected even if these residues are not too flexible themselves. 1 In what follows, we discuss first the observation that predefined copper-chelating sites are unstable in the apocupredoxins, leading to exchange between exposed and buried conformations of the copper-binding atoms, and then hypothesize how such behavior could be important for the assembly of copper sites under entatic control of their properties.
Predefined arrangements of the copper ligands are unstable in apocupredoxins All our results indicate that closed conformations of the copper ligands, in predefined positions as those observed in Fig. 5 Probability distribution (increasing exponentially from blue to green, to yellow, orange, and red, with dark red not being sampled) for pairs of distances between the two cysteine Sc and the two histidine Cc atoms of the CuA site in the simulation started from its closed conformation. The asterisk corresponds to the distances observed in the structure of the holoprotein 1 NMR studies pinpoint flexible residues from their nonflat R 2 relaxation dispersion profiles and from either the lack or the duplication of signals for some of their atoms. All these processes depend on the chemical shifts of the nuclei in the different exchanging populations, their interconversion rates, and their relative populations. It is hence possible that NMR data suggest mobility for nuclei which are not truly flexible but whose magnetic properties are affected by motions of nearby nuclei. the copper-loaded proteins, are unstable in apocupredoxins. This results in variable flexibility of the loop that contains the C-terminal histidine, the cysteine(s), and the axial ligand(s), going from small fluctuations in apoplastocyanin and apoamicyanin to larger flexibility in apoazurin and apoamicyanin and very large flexibility in apoCuA. Although this variability could reflect limited sampling by the simulations and/or different timescales for motions of similar amplitudes in all the proteins, some differences across systems could be realistic since, for example, according to NMR data there are more mobile residues in the copper-binding loops of the CuA fragment than in those of apoazurin [29] , and in turn many more mobile residues in these two than in apoplastocyanin [32] , even when the latter is in a slightly denaturing condition.
One hallmark of all the apocupredoxins simulated here is that the C-terminal histidine is far more stable when the imidazole group is flipped by 180°relative to its position in the holoproteins, i.e., leaving its Nd1 atom exposed to the solvent. Direct experimental support for this comes from the structure of apoplastocyanin, based on the careful analysis of electron density maps as described by Garrett et al. [25] , who observed the histidine is flipped in the X-ray structure. The work of Nar et al. [23] also revealed some flexibility of apoazurin's two histidines, namely, that the copper ligands are almost superimposable with those of the holoprotein for one of the protein molecules in the unit cell but are slightly altered in the other molecule, possibly because of the presence of a water molecule in the cavity. Given that improper location of imidazole rings is not unusual in X-ray structures, and considering our results, it is plausible that the Nd1-exposed conformation of the C-terminal histidine also holds for the other three cupredoxins. It is possible that alternative conformations of this histidine were not simple to resolve at the time of structure determination. Indeed, the electron density maps available for the structures of apoazurin, apoamicyanin, and apopseudoazurin used are not very clear about the position of the rings. In favor of the findings from our simulations, the predicted flipping to expose the Nd1 atom is reasonable as it allows alleviation of the hindrance from at least three large electron clouds (lone pairs from both imidazole Nd1 atoms and the large lobe from the cysteine's Sc atom) together inside the protein cavity.
Fluctuations of the hydrogen bonds that define the rack Outer-sphere interactions, most notably hydrogen bonds, are important elements contributing to defining and tuning the electronic structure of metal centers and have been regarded as the physical means through which the entatic state is established [10] . The first and second copperbinding shells of cupredoxins have a few conserved hydrogen bonds and other more variable hydrogen bonds straight to the ligands and around them. The conserved hydrogen bonds include the one (sometimes two) accepted by the sulfur atom of the cysteine residue in mononuclear cupredoxins or its equivalent cysteine in CuA sites (the N-terminal one), and the one donated by the Ne2 atom of the N-terminal histidine to oxygen atoms of carboxylate or amide groups buried inside the protein. All these hydrogen bonds, conserved or not among different cupredoxins, are preserved in the corresponding X-ray structures available for the four apoproteins and make part of large networks [10, 31, 45] , suggesting they could be an integral part of the rack responsible for inducing the entatic state on the copper ions once bound. The conserved hydrogen bonds to the cysteine sulfur are very stable in the four mononuclear cupredoxins, with sulfur-hydrogen distances lower than 3 Å for over 80 % of the simulated time and average values of approximately 2.6 Å . In apoCuA, instead, this hydrogen bond breaks and reforms many times, existing as such for around 30 % of the simulated time. The conserved hydrogen bonds on the imidazole Ne atoms are unstable in all systems, breaking quickly and reforming only a few times.
We then looked at hydrogen bonds around the copper site more globally for our five systems by computing the total number of bonds within 5-Å spheres of the histidine and cysteine ligands (Fig. 6) . The number fluctuates largely along the trajectories, staying on average around the initial number of hydrogen bonds but revealing transient states in which very few, or too many, hydrogen bonds are established compared with the initial structure. The capacity of these hydrogen bonds to reshuffle permanently while remaining stable on average despite the flexibility of the loops could be important in defining a rack around the copper sites.
Loop flexibility and metal site assembly
The observed dynamics in the copper-binding regions could be important for copper uptake by cupredoxins, either from solution or from metallochaperones, as they result in temporal exposure of the copper-binding atoms. We discuss here the implications of loop flexibility in the binding of copper ions from solution, disregarding the electrostatic effects that an approaching copper ion, either bound to a donor chaperone or free in solution, could exert on protein dynamics, as well as the effects of local ionic strengths and pH and the presence of nearby membranes or other protein complexes.
Experiments probing Cu(II) binding from solution by folded apoazurin and apostellacyanin showed that initial capture occurs through one of the histidine residues [46] . Considering such a mechanism, the stability observed for the C-terminal histidine with its Nd1 atom exposed to the solvent would be critical for the initial step of copper uptake into mononuclear copper sites. This is similar to an early proposition suggesting that the C-terminal histidine could act as a ''revolving door'' allowing the capture of copper and its assembly into the mononuclear sites [23, 25] . Our results are consistent with such an idea, in a mechanism facilitated by the flexibility of the copper-binding region. It is worth noting, however, that this flexibility is limited as shown by the RMSF profiles and the fluctuations of hydrogen bonds around the copper-binding atoms; this could allow temporal exposure of the ligands without compromising permanently the structure of the rack.
On the basis of these considerations and existing experimental data, we can depict possible mechanisms for the process of copper uptake and formation of the entatic state in cupredoxins (leaving aside changes in redox and protonation states of the cysteine and histidine residues, as MD simulations do not provide information on them and experiments are quite inconclusive). We propose that the apo forms of these proteins exist as ensembles of slightly open and closed conformations with a large preference over conformations where the C-terminal histidine's Nd1 atom is exposed to the solvent, but eventually exploring buried conformations inaccessible to the solvent. In mononuclear cupredoxins, this histidine could initially bind copper through its exposed Nd1 atom; then, an eventual flipping event would move the copper ion inside the protein, trapping the closed conformation through rapid binding of the other ligands (Fig. 7a) . The resulting copper site would then remain locked in this rigid, occluded conformation fastened by the additional binding energy and the rack of noncovalent interactions.
A similar albeit more complex mechanism could apply to the formation of CuA centers (Fig. 7b) . Experiments following binding of Cu(II) from solution [47] and Cu(I) from the periplasmic metallochaperone PCuAC show that in both cases the ions are bound sequentially, involving the existence of mononuclear intermediates [28] . According to extended X-ray absorption fine structure and absorption studies, when Cu(II) is bound from solution, an early ''red-copper'' intermediate is observed, presumably containing one histidine residue and two cysteine residues as in Cu(II)-loaded Sco proteins [47] . Our simulation suggests that the two cysteines become available in the open conformation of the site, i.e., that with a large Sc-Sc distance in Fig. 5 , facilitating the formation of that red intermediate (central column in Fig. 7b ). On the basis of the large flexibility of this region, it is very likely that binding of the first copper ion does not remove all the dynamic features of the ligand loop, leaving residual flexibility that allows the second ion to be accommodated. This could correspond to the fluxional mononuclear intermediate suggested by Chacón and Blackburn [47] . The histidine residue involved in initial binding of the first copper ion could be either the N-terminal histidine or the C-terminal histidine, as both are accessible in the conformation with a large Sc-Sc distance. We speculate that the histidine in the initial copper-capture complex is the N-terminal one, so that after the first ion is taken, the C-terminal histidine remains in a situation similar to that in the mononuclear cupredoxins, ready to take a second ion and internalize it. It is worth remarking that these conclusions and hypotheses on the formation of CuA sites are limited to the process of copper uptake from solution by a small soluble fragment of cytochrome c oxidase, just as in the experimental studies mentioned above. Neither our computational studies nor the reported experiments consider the effects that the rest of the oxidase and the Fig. 6 Number of hydrogen bonds within a 5-Å sphere of the histidine and cysteine copper ligands along the trajectories (bonds to water molecules excluded). Data computed with the VMD using a maximum heavy atom donor-acceptor distance of 3.8 Å (instead of the default value of 3 Å , so as to pick up hydrogen bonds involving sulfur atoms) and an angle of 20°(default value in the VMD plugin) membrane might exert, which might naturally alter the dynamics of the copper-binding loops; however, given that they are quite exposed at least in bacterial oxidases, they are also likely to be somewhat flexible before metalation in vivo.
Conclusion
We have described the dynamic landscape of apocupredoxins around closed conformations of their copper-binding regions, i.e., similar to those observed in the holoproteins. Our description allows us to put together the differing outcomes from NMR and X-ray data on the apoproteins in the context of a mechanism that explains how these proteins are flexible enough to capture copper in their apo forms while forcing an entatic state on their copper ions once they are bound. We would finally like to highlight the importance of integrating X-ray structures with NMR data and MD simulations in structural studies of proteins. 
